Abstract DNA and RNA base-pairs are the most important systems containing multiple hydrogen bonds. Characterizing the energy of individual intermolecular interactions in such systems is vital and still an open problem that has been tackled here within the framework of the natural bond orbital (NBO) and the quantum theory of atoms in molecules (QTAIM) theories. In the NBO language, energy of an individual H-bond depends on the interaction of the n Y , r* XH , and r XH orbitals directly involved in H-bonding. A partial charge transfer between donor (n Y ) and acceptor (r* XH ) orbitals provides a substantial bonding contribution to the energies of the H-bonds, and in the end, the H-bonded complexes. It is accompanied with a repulsive contribution due to the proximity of the n Y and r XH orbitals. Energies of the individual H-bonds, resulting from addition of the both terms, were correlated with several parameters, provided by the QTAIM analysis which has also been extensively used to characterize the hydrogen bond. The calculations were performed for the G-C and A-T Watson-Crick base pairs, their substituted derivatives (by one of two substituents, NH 3 ? or OH 2 ? ), A-U occurring in RNA and a wobble pair G-U. The best correlations were found for the NBO energy with the electron density and the potential energy density at H-bond critical points. The correlations held for the heterogeneous samples of HBs of different types, i.e. N-HÁÁÁO, N-HÁÁÁN, and C-HÁÁÁO, occurring simultaneously in DNA base pairs.
Introduction
Due to their importance in many fields of biological chemistry, the hydrogen bonds (HBs) in DNA base pairs have been the subject of many theoretical investigations. The relative energies of two or three hydrogen bonds were estimated in a single base-pair, as well as compared in different pairs [1] , e.g. A-T versus G-C. The energy of an individual H-bond has been evaluated by several approaches: (1) in the (presumed) absence of other intermolecular interactions as a bonding energy of the H-bonded complex [2] ; (2) through calculations of inter-residue compliance constants for all possible X-HÁÁÁY contacts [3] ; (3) by application of an atom replacement procedure [4] ; (4) using the ELM (Espinosa, Lecomte, Molins) equation [5] to estimate of the individual OÁÁÁH energy, whereas NÁÁÁH ones obtained from the difference in the total binding energy between the two monomers and the energies of the remaining OÁÁÁH interactions [6] individual intermolecular interactions and the electron density at the H-bond critical point, obtained for symmetrical complexes with two identical N-HÁÁÁO H-bonds [7, 8] ; (6) an application of the Natural Bond Orbital (NBO) concept to intermolecular interactions [9] . All these methods were described in more detail as well as their results compared in our previous paper [9] . The energies of individual H-bonds in A-T and G-C Watson-Crick pairs and in the pairs upon substitution by one of two cationic substituents (OH 2 ? or NH 3 ? ) were calculated according to the NBO analysis of intermolecular interactions [9] .
Recently, another attempt to estimate energy of individual HBs in multiple-bonded systems has been undertaken. To this end, a magnetically induced current strength across individual HB was used [10] . For HBs in homo-and hetero-dimers of H 2 O, NH 3 , H 2 CO, HCl and HF, a linear relation between the diamagnetic current susceptibility and the interaction energy was found. This relationship was used (as a calibration curve) to study individual HB energies in A-T and G-C Watson-Crick pairs as well as H-bonded water chains in carbonic anhydrase.
Another approach of Nikolaienko et al. [11] combined the QTAIM method with vibrational analysis and correlated a red-shift of the proton involved in H-bond with the electron density in a bond critical point. Energies of individual intermolecular HBs in A-T [12] and G-C [13] pairs as well as their tautomeric forms were estimated.
Results of the application of the both above mentioned methods revealed that the obtained sequences of the individual HB strengths in G-C and A-T pairs (a [ b [ c and b [ a, respectively, see Scheme 1) agreed only with the results of the NBO approach (see Table 1 in Ref. [9] ).
Among different physical terms contributing to the complexes binding energy, we can distinguish the terms common to all interacting molecules situated close one to another, and the terms uniquely due to the presence of H-bonds. Within the NBO theory [14] , the energy of a chemical system can be divided into two parts: one associated with the localized orbitals (E Lewis or E L ) and a second originating from noncovalent contributions (E nonLewis or E nL ). The latter is calculated by the perturbation theory and presented as a transfer of electron density between pairs of orbitals. For hydrogen-bonded (HB) molecules the highest value of E nL (named also E n-r* ) is due to the partial charge transfer between the first ''filled'' bonding orbital (donor NBO, Lewis type) and the second ''empty'' antibonding or Rydberg (acceptor NBO, nonLewis type). The NBO analysis emphasizes the role of the charge-transfer interactions of the n ? r* type, involving a weak intermolecular delocalization from a lone pair (n) of the donor monomer into the proximate unfilled antibonding orbital r* of the acceptor monomer. Besides the bonding electron delocalizations, the proximity of atoms belonging to two molecules brings about steric repulsions between them [14] . The most important are steric repulsions between filled n Y and r X-H orbitals of the X-HÁÁÁY interaction. Therefore, energy of the charge transfer, E n-r* , also called delocalization energy (attractive interaction), has to be corrected by energy of the steric exchange repulsion [15] [16] [17] [18] between filled n Y and r X-H orbitals, E r-n . The sum of the attractive (E n-r* ) and repulsive (E r-n ) terms was used as a measure of the energy of an individual HB [9] . It characterizes well the energy increment due to the hydrogen bond by oneself in contrast to the binding energy of a complex (called also in the literature the H-bond strength, stabilization energy, or the complex interaction energy) which characterizes the complex taken as a whole. The latter, according to supramolecular approach [19] , is calculated as a difference between the energy of the complex and the sum of the energies of monomers for their geometry such as in the complex. Therefore, this energy contains also contributions of interacting peripheral parts of the complex components and it ought to be emphasized that the perturbation of the electron density takes place not only in the immediate vicinity of the H and X atoms but within the entire complex [20] [21] [22] . Consequently, there are other contributions to the binding energy of the complex. In these connections, one cannot expect that the sum of the bonding and steric interactions inside the individual X-HÁÁÁY moieties would be equal to the bonding energy of a given pair nor it is entitled to attribute the difference to some presumed cooperative effects [2, 4] .
For a pair of molecules connected by H-bond (or several H-bonds) one can also calculate a total charge transfer between both units due to the reorganization of electron density upon the complex formation. It has been qualitatively or semi-quantitatively evaluated in a number of publications [11] [12] [13] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and was correlated with the binding energy. However, it appeared that the total charge transfer was only one of a few physical terms bringing about stabilization energy of the complexes [33] [34] [35] [36] [37] [38] [39] [40] . The H-bonded complexes were also characterized with the aim of the quantum theory of atoms in molecules (QTAIM) [41] that serves as a tool for the topological analysis of electron densities and has been also used to study HBs in various canonical and noncanonical DNA base pairs (27 dimers) [42] . Correlations of electron density properties at the bond critical point (BCP) of HB with its energy have been mainly applied to complexes of molecules bound by a single hydrogen bond. In cases where the complexes can be classified in families according to the various proton acceptors (Y in HÁÁÁY), the correlations between the different parameters (derived from the QTAIM theory) on one hand, and energetic properties on the other hand, have been particularly found for homogeneous samples [5, 11, 23, 28, 31, [43] [44] [45] [46] [47] [48] .
Summarizing, there have been many attempts to correlate the HB strength with its structural (geometrical) or electronic parameters. The obtained relations well describe discussed characteristics for homogeneous types of interactions [49] . For this purpose the NBO analysis in combination with the QTAIM method have also been applied [50] . However, energy of particular HB was characterized only by one-the attractive component (E (2) or E n-r* in the present notation) of intermolecular interaction. The good correlations between E (2) and the electron density at the H-bond critical point, q(BCP), were obtained separately for the NHÁÁÁO and NHÁÁÁN data. The H-bond energy evaluated according to the NBO methodology, E NBO , renders interactions between orbitals directly engaged in a HB (for X-HÁÁÁY interaction: n Y , r* XH and r XH ). It is named here as energy of an individual or single HB energy. Its attractive contribution, E n-r* , is due to the partial charge transfer between the n Y and r* XH orbitals and is accompanied by the repulsive contribution, E r-n , between the filled n Y and r XH orbitals interaction.
The aim of the present paper was to find correlations between simply available parameters based on the QTAIM and NBO methodologies, for characterizing contribution of the H-bonds to the intermolecular interactions which appear in DNA and RNA base pairs: N-HÁÁÁO, O-HÁÁÁO, and C-HÁÁÁO. We hoped to find good correlations for a single data set concerning bonds of all three types (the so called heterogeneous data set). To this end, the NBO energies of the individual H-bonds were correlated with some QTAIM parameters.
Methodology
The geometry of the nucleic acid base pairs was minimized at the theoretical levels HF and DFT [51] . In the case of the DFT method, the hybrid functional of Becke [52] with Lee, Yang, and Parr gradient correction [53] , B3LYP, and with the gradient correction of Perdew [54] , B3P86, as well as the recently designed M05-2X functional [55] were applied. The latter provided a very good performance for the closed-shell organic systems [56] and the noncovalent interactions [57] . The B3P86/6-311??G(d,p) level was recently used to investigate the geometric, electronic, and energetic properties of 31 canonical and wobble base pairs [58] , and this level of theory has also been used for substituted G-C and A-T derivatives. Moreover, it has been found that this functional is one among five functionals (out of the 44 investigated) that provides the best performance for H-bonding [59] .
For the geometry optimization, NBO analysis, and generation of the wave function for the QTAIM analysis [60] the triple-f split-valence basis set, denoted as 6-311??G(d,p) according to the Pople's nomenclature [61] was applied. Subsequently, the NBO method with the NBO-5.G program [62] was applied to study the electron distribution among the individual ''natural'' orbitals in a system and to estimate the individual H-bond strengths [14] . The calculations were performed using the Gaussian 03 and 09 suite of programs [63, 64] . The QTAIM analysis was performed to calculate the electron density (q), the potential electron energy density V(BCP), the total electron energy density H(BCP) and curvature of the electron density k 3 (BCP) at BCPs. The QTAIM analysis was carried out using the AIMPAC package [65] .
According to the NBO analysis, X-HÁÁÁY H-bonding corresponds to an intermolecular donor-acceptor interaction between a lone pair (n) of the Lewis base (the H-bond acceptor, Y; in our case, an oxygen or nitrogen atom) and the proximate antibonding orbital (r*) of the Lewis acid (the H-bond donor, X-H; in our case, N-H or C-H). The strength of this single interaction, E NBO , can be estimated as
where E (2) = E n-r* means the second-order stabilization energy of the partial CT n Y ? r X-H* interaction, and E r-n denotes the steric repulsion energy of r X-H and n Y orbitals.
To challenge the method, we included to the investigated set of complexes two pairs (G-C and A-T) substituted by NH 3 ? or OH 2 ? , for which stronger perturbations of atomic structure were expected.
Results and discussion
Nucleic acid base pairs, the most important systems with multiple HBs, were chosen to find an interdependence between parameters characterizing intermolecular interactions that allows to estimate the strength of particular HBs. Tables 1, 2,  3 and 4 and S1-S2, the latter in Supplementary Information.
Plots of E NBO versus q(BCP) for 23 HBs occurring in the base pairs presented in Schemes 1 and 2, are shown in Fig. 1 . The Figure shows that the energy increment due to the transfer of charge within a confined space of the X-HÁÁÁY bond is monotonically dependent on the electron density at the critical point of the bond. Moreover, we observe that the points representing bonds with different X and Y, e.g. N-HÁÁÁO, N-HÁÁÁN, and C-HÁÁÁO lie on the same line. Therefore, the interdependence of the parameters E NBO and q(BCP), belonging to quite different descriptions of the H-bonds, is a universal one, at least within a set of the bonds found in the DNA base pairing. This finding points at the essential relevancy of the two approaches to the interpretation of the H-bonding phenomenon. A comparison of relationships presented in Fig. 1 shows that the four plots are similar and characterized by approximate correlation coefficients despite that one approach detects only electron densities on the appropriate orbitals of the donor and acceptor and their interaction, and the second approach detects the electron density at a point of its zero gradient, lying along the HÁÁÁY line. A conclusion can be made that both determinants of an individual H-bond strength evaluate quantitatively the bonds in a congruent manner and that the accuracy of results is not very dependent on the calculation level.
It appeared that similar relationships were also observed for E NBO and another QTAIM parameter, the potential energy density at BCP of hydrogen bond, V(BCP). Plots of E NBO and V(BCP) are shown in Fig. 2 . Analysis of the plots demonstrates that the conclusion arrived at the last sentence of preceding paragraph can also be held in the case when V(BCP) is compared with the E NBO .
As there were other parameters proposed as descriptors of the total binding energy of the HB complexes, namely the total electron energy density H(BCP) [40, 42] and 
In columns 4, 6 and 8, the ordering of q(BCP), V(BCP) and E NBO for individual bonds is indicated. Italic letters in columns 4 and 6 denotes discrepancy with NBO results positive curvature of electron density, k 3 (BCP) [37] , it was interesting to check correlations of these parameters with the energy of individual HB, i.e. the energy of orbital interactions provided by the NBO analysis. Therefore, we plotted H(BCP) and k 3 (BCP) versus E NBO for our set of the N-HÁÁÁO, N-HÁÁÁN, and C-HÁÁÁO bonds (calculations at the B3P86/6-311??G(d,p) level). Indeed, as shown in Fig. 3 , the HB energy was correlated with the two descriptors to some degree, yet the correlation coefficients were poorer than these shown in Figs. 1 and 2 . Moreover, data belonging to the HÁÁÁN and HÁÁÁO bonds were rather separated, so none of the two descriptors could be selected for the comparison of the hydrogen bonds of different types in the investigated DNA base pairs. Of the two plots given in Fig. 3 , the first is characterized by higher correlation coefficient. The calculations were repeated at the M05-2X/ 6-311??G(d,p) level and the results were virtually the same. Taking into consideration that augmentation of q(BCP) and V(BCP) goes hand in hand with the increase of the single HB energy (Figs. 1, 2) , we compared the ordering of the latter predicted by the two methods used, within the individual base pairs, shown in Schemes 1 and 2.
The values of the electron density q(BCP), of the potential electron energy density V(BCP) and of E NBO according to Eq. (1) are displayed in Tables 1, 2, 3 and 4, for different calculation levels applied. The values show that the energy sequence of two of the three bonds may differ, as presented in columns 4, 6 and 8. This is so for two pairs at the HF level: G-C and NH 3 ? -G-C (Table 1) , for two pairs at the B3LYP level: NH 3 ? -G-C and G-U (Table 3) , for three pairs at the M05-2X level: NH 3 ? -G-C, NH 3 ? -A-T, G-U (Table 4 ) and for only one pair, G-U, at the B3P86 level (Table 2) . A comparison of the plots of E NBO versus V(BCP) points to the same results at the HF, B3P86 and B3LYP levels; at M05-2X there is one pair less for which the V(BCP) and E NBO orderings are inconsistent.
It is evident that the single HB energy forecast based on the q(BCP) value is generally accurate except of the cases when two bonds are characterized by a very similar values of q(BCP), for example 0.0373 and 0.0375 calculated at B3LYP for two HBs in NH 3
? -G-C. The best functional for our purpose was found B3P86, with which the disagreement is found for only one pair for both QTAIM parameters. When such a comparison was made based on k 3 as an QTAIM parameter the inversion of the bond sequence Table 2 Values of the electron density q(BCP), the potential energy density V(BCP) and energy of a single H-bond, E NBO , calculated at the B3P86/ 6-311?? 
C-HÁÁÁO 0.00544 -0.00307 0.06
C-HÁÁÁO 0.00416 -0.00236 0.11
In columns 4, 6 and 8, the ordering of q(BCP), V(BCP) and E NBO for individual bonds is indicated. Italic letters in columns 4 and 6 denotes discrepancy with NBO results 
C-HÁÁÁO 0.00501 -0.002973 0.16
N-HÁÁÁO 0.01318 -0.008294 -1.08 
Conclusions
This study was dedicated to correlations of energies of the individual hydrogen bonds, E NBO (especially in complexes possessing multiple bonds), with the QTAIM characteristics of electron density at the H-bond critical point. Special attention has been paid to differentiate the NBO energies of individual H-bonds from the total stabilization energy of the complexes. Three types of intermolecular interactions, NHÁÁÁO, NHÁÁÁN, and CHÁÁÁO, which are present in DNA/RNA base pairs, were analyzed.
(1) The best correlations were found with the electron density q and energy density V at the hydrogen bond critical point (BCP), provided by the QTAIM methodology. (2) Among other characteristics at the BCP offered by QTAIM, the positive curvature of the electron density k 3 and the total electron energy density H were also correlated with E NBO , but the correlations were poorer than those of q or V with E NBO . (3) The ordering of energies of individual H-bonds determined by NBO approach generally coincides with the sequence offered by the (q, V, k 3 ) QTAIM parameters, however, the sequence can be inverted when two bonds are characterized by a very similar QTAIM parameters or E NBO values. (4) The best agreement of the two gauges of the single HB energies was attained when electron density or potential energy density at the BCP was selected and the values to be compared were calculated with the B3P86 functional.
The presented procedure is not limited only to DNA or RNA nucleic acids. It could also be applied to various cases where the intermolecular hydrogen bonds occur, especially if several HBs are present in the same molecule. It allows for the joint comparison of the H-bonds of different types, within the so-called heterogeneous samples. The method could also be useful in the cases characterized by a crucial role of environmental effects which cannot be omitted from consideration.
Summarizing, the proposed procedure can be applied to estimate the part of intermolecular interactions energy attributed to individual hydrogen bonds.
